We studied changes in seismicity in a source region of the Sumatra earthquake prior to the earthquake on 26 December 2004. Rate increases were detected for earthquakes of M ≥ 5.0 using the ETAS method, with the assumption that independent events follow the Poisson process with at most only one rate change. Based on the declustered catalogue, we obtained consistent changes with simple Poisson models. Temporal changes in mean magnitude were obtained using the CUSUM method. b-values for three periods were calculated, taking into consideration the results of the CUSUM analysis, which showed a 10-year period of an anomaly high b-value followed by a 13-year period of a low b-value. The statistical significance of this change was confirmed by a bootstrap method. Both changes imply activation of seismicity in the source region.
Introduction
A giant earthquake occurred along the SumatraAndaman subduction on 26 December 2006 (Sumatra earthquake). This earthquake ruptured more than 1000 km of the eastern boundary of the Indian plate (Bilham, 2005; Lay et al., 2005) and was the largest in terms of magnitude (M w = 9.0-9.3) in the world since the 1964 Alaska earthquake. The mechanism of the earthquake suggests that the earthquake was an interplate event, resulting from the subduction of the Indian-Australian plate beneath that Andaman microplate. The aftershock area extended about 1200 km along the Andaman trough.
At the present time, it is widely accepted that we can only estimate the long-term probability of respective recurrences even when we have sufficient geological and historical earthquake data to estimate accurate recurrent intervals. In order to make the probability of an earthquake occurring useful in practice, such probabilities on shorter terms should be assessed through the premonitory stage of an earthquake. Recent improvements in the assessment of seismic hazards based on space and/or time patterns of regional seismicity may provide refinements of the probabilities on the shorter term. Tanaka (2005) examined correlations of tidal phases with the timing of earthquakes that occurred before the Sumatra earthquake and found that the correlations are more significant as the time of the Sumatra earthquake approaches. His finding suggests that a critical level of stress appears over a wide area over the source region. Mignan et al. (2006) reported that the accelerated moment release (AMR) can be identified in the regions of the Sumatra subduction system Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
that must have been stressed before the Sumatra earthquake and that the effect of AMR is clearest for the epicentral regions at a level of statistical significance. If these observations indeed represent the true situation, other types of changes in seismicity should also be present in this region. This paper focuses on possible changes in seismicity, such as rate changes, changes in b-values, and mean event size, which were associated with the Sumatra earthquake over a wide area of the seismic rupture zone. For conclusive results, it would be necessary to study both spatial and temporal variations of these parameters; given our limited sample, we are therefore constrained to a study of only temporal variations of the values. In this paper, we analyzed temporal changes in rate by two different methods: (1) the ETAS (Epidemic Type of Aftershocks) method for the original catalogue and (2) a simple Poisson model for a declustered catalogue. The results obtained from both methods are consistent. We also examine temporal changes in mean magnitude by the Cumulative SUM (CUSUM) method and calculate b-values for three periods divided by the suggested change points. We discuss the statistical significance of these changes with results of a bootstrap analysis. Thus, we were able to obtain reliable results of changes in rate and mean event size.
Data
For this analysis, we used a data set taken from the U.S. Geological Survey (USGS) National Earthquake Information Center, PDE Monthly Listing. We based our selection of aftershock hypocenters on the criteria that the earthquakes occurred (1) over a rectangular area ( Fig. 1(a) ), (2) at depths of 60 km from the surface (Araki et al., 2006) , and (3) between 01 January 1973 and 24 December 2004 (immediately prior to the Sumatra earthquake). The study area chosen was large enough to encompass the seismic precursory phenomena related to the Sumatra earthquake. This area included earthquakes governed by different kinds of stress regimes: the thrust type of the plate boundary, the ridge type in the back-arc opening, and the strike-slip type of the fore-arc slide. They were not analyzed separately in our study but used all together in the analysis since the data set did not contain a sufficient number of earthquakes for a statistical analysis of each group. Only events with a magnitude of ≥5.0 were used in this study. This cutoff magnitude was chosen by examining the magnitude frequency distribution of the catalogue in such a way as to observe a stable Gutenberg-Richter relation ( Fig. 1(b) ). For the shorter period of 1973-2001, a stable Gutenberg-Richter relation was still observed with this cutoff magnitude-with the exclusion of the event of high seismicity just before the Sumatra earthquake.
A catalogue declustered by the Reasenberg method (1985) was also adopted, taking the effects of earthquake clustering into consideration. In a catalogue declustered by this method, the magnitude of a main shock is replaced with that of equivalence to the total moment release in the respective cluster. However, we kept the original magnitude of the main shock for the following reasons. First, in an analysis of the Poisson process, we are not concerned with the magnitude of each event. Secondly, the formula used for calculating the moment strongly affects the value of the equivalent magnitude. The original formula employed in the method was obtained from the USGS Coda magnitude (Bakun, 1984) , and it is clearly unsuitable in our case. Finally, in order to prevent the ambiguity of this point from influencing the results based on the declustered catalogue, we use the simplest approach, which is to maintain the original magnitude.
Changes in Rate
We assume that earthquake occurrences follow a stationary Poisson process; we denote the rate of this process as μ 0 . However, in practice, a clustering of earthquakes is often observed. Therefore, we further assume that each event may have its own daughter events as components of its magnitude. When we consider a change in rate, the Poisson rate, μ 1 , changes to another value, μ 2 , at a certain time. Considering clustering, we apply two different methods, the ETAS (Ogata, 1988) method and a declustered catalogue. Using the ETAS method, we can build clustering features into the analysis. If there is no change in rate, the hazard rate, λ 0 , is given by
where t i and m i are the time and magnitude, respectively, of the i-th event occurring prior to time t of assessment. In the case of a change, the hazard rate λ 1 is given by
where t c is the change point of the rate. Likelihood is represented by
where t i is the time of the i-th event.
To select the better model, the Akaike Information Criterion (AIC; Akaike, 1977; Sakamoto et al., 1983) was used. AIC is defined by
where m is the number of fitted parameters in the model and i refers to the first or the second model, respectively. In our case, there were five (six) free parameters for the first (second) model. The better model produces the smaller AIC. Therefore, when a difference in AIC between two models is defined by
a greater positive value of AIC suggests a change in rate.
In our case, the optimal change point, t c , is surveyed from a middle point of the study period (1 July 1997) to 30 September 2004 every 30 days in such a way that the maximum AIC is attained. When a declustered catalogue is analyzed, only the first term at the right side of Eq. (5) is considered.
Two different cutoff magnitudes, 5.0 and 5.5, and several different sampling zones along the N30W direction are adopted for both the original and declustered catalogues.
AIC values are summarized in Table 1 and were obtained by the ETAS method from the original catalogue and the simple Poisson models for the declustered catalogue. Here, distance from the epicenter of the Sumatra earthquake is measured along the N30W direction.
The AIC values for two zones, 0-1500 km and −500-1500 km, respectively are large, and rate changes are statistically significant in the four different cases (two different cutoff magnitudes by two different methods). In other zones, AIC values in most cases are no larger than 1.0. This implies that the seismicity rates in those zones that correspond to the aftershock areas of the 26 December 2004 and the 28 March 2005 earthquakes became higher during the last few years prior to the Sumatra earthquake. The optimal change points are determined in a period from March 2000 to October 2002, after which the rate increased by 60-100%. However, there were no rate changes in the extended zones of the aftershock area to the southeast, or, if they existed, they were not statistically significant. Figure 2 illustrates the cumulative numbers of earthquakes at distances of 0-1500 km from the hypocenter of the Sumatra earthquake. The upper set depicts the observed cumulative curve (solid) and the two theoretical curves, change (dashed) and no change in rate (dotted), which were obtained by the ETAS method. The lower set depicts the cumulative curve (solid) and two theoretical lines (dashed and dotted), which were calculated by Poisson models with and without changes in rate for the declustered catalogue. The change point of significance in rate was detected for either set on 26 August 2002.
Change in Mean Magnitude
The CUSUM method proposed by Page (1954) for the analysis of time series has been adopted in order to directly examine changes in mean magnitude. CUSUM can be defined for magnitude series M i , as
where M ave is the mean of the entire series. Figure 3 illustrates the CUSUM for earthquakes (M ≥ 5.0) within 0-1500 km. The abscissa is the event number, and the vertical lines indicate the start of the year from 1975 to 2000 (every 5 years). Clearly, CUSUM indicates a decreasing trend from 1982 to 1990 and an increasing trend from 1990 to the time of the Sumatra earthquake. To examine the level of statistical significance, we generated 1000 series by a bootstrap method (Efron, 1979), each of which consists of 314 earthquakes identical to the original series. Each line of the figure connects the upper one percentile of C i , the upper fifth percentile, the upper tenth percentile, the lower tenth percentile, the lower fifth percentile, and the lower one percentile for each event. The figure reveals that a major part of the CUSUM line after 1990 is lower than the lower tenth percentile line. This implies that the increasing trend after 1990 is highly significant.
Taking the CUSUM chart into consideration, we plotted b-values for three periods (corresponding to the three trends) in Fig. 4 . Vertical lines indicate the uncertainty The study period is divided into the times of the peak and the trough in the CUSUM chart in Fig. 3 . The ordinate plots the maximum-likelihood b-value, with its standard error (Aki, 1965) . Shadows indicate the upper one percentile of the b-value, the upper fifth percentile, the upper tenth percentile, the lower tenth percentile, the lower fifth percentile, and the lower one percentile.
range of each b-value. In the same way as in Fig. 3 , the upper one percentile of the b-value, the upper fifth percentile, the upper tenth percentile, the lower tenth percentile, the lower fifth percentile, and the lower one percentile are shown. This plot indicates that a high b-value for the period of 1981-1992 is highly significant and that a relative low b-value for 1992-2004 is significant at the 5% level. Figure 5 illustrates the CUSUM obtained from the declustered catalogue, which contains 250 earthquakes. The figure presents C i values below the lower fifth percentile. The main features, decreasing and increasing trends, as in Fig. 3 , are preserved in the figure. Figure 6 depicts three b-values (as in Fig. 4 , together with six different percentiles). This plot confirms that a high b-value for the period 1982-1990 is statistically significant. 
Summary
The Sumatra earthquake was preceded by a period of an abnormally high b-value, which is statistically significant for both the original catalogue and the declustered catalogue. This finding may be consistent with the hypothesis that large earthquakes are preceded by periods of abnormally high b-values (Smith, 1998) . This period may have begun as early as 1980 and continued until 1990, after which the mean magnitude increased to yet a higher value up until the time of the main earthquake.
This change in b-value implies that the seismic moment released by background seismicity accelerated from 1980 up to the time of the Sumatra earthquake-if seismicity rate in this period remained unchanged or increased with time. Actually, we detected seismicity rate increases 2-4 years prior to the Sumatra earthquake. Both findings are consistent with an AMR, which was reported by Mignan et al. (2006) . These researchers studied AMR related to the Sumatra earthquake in detail with a statistical approach in approximate 250-km-long segments along the SumatraAndaman subduction and concluded that the AMR was clearest for the epicentral regions with a significance level of less than 2%. We found changes in seismicity consistent with this conclusion using a popular and statistically comprehensive approach. Jiang and Wu (2005) concluded that a reliable preshock AMR process existed before this earthquake, with the duration of a quarter of a century. Their results suggest a premonitory change in seismicity of a much longer time duration than that indicated by the present results. This gap may have been due to the differences in study areas. Jiang and Wu (2005) used a circular area with radius of 800-1500 km centering at the hypocenter of the Sumatra earthquake. Their study area included earthquakes much further from the trench axis than those in our study, which were taken from the rectangular area 1000-2000 km along the trench. Seismicities far from the trench may transform the temporal variation into a gentler and longer range configuration.
In conclusion, we detected significant rate increases in the source region of the Sumatra earthquake 2-4 years prior to the event. We observed a 10-year period of an anomalous high b-value followed by a 13-year period of a low b-value. The statistical significance of this change was confirmed by a bootstrap method.
